We report the structure and expression of the Coccidioides immitis BGL2 gene which encodes a previously characterized 120-kDa glycoprotein of this fungal respiratory pathogen. The glycoprotein is recognized by immunoglobulin M tube precipitin (TP) antibody present in sera of patients with coccidioidomycosis, a reaction which has been used for serodiagnosis of early coccidioidal infection. The deduced amino acid sequence of BGL2 shows 12 potential N glycosylation sites and numerous serine-threonine-rich regions which could function as sites for O glycosylation. In addition, the protein sequence includes a domain which is characteristic of family 3 glycosyl hydrolases. Earlier biochemical studies of the purified 120-kDa TP antigen revealed that it functions as a ␤-glucosidase (EC 3.2.1.21). Its amino acid sequence shows high homology to several other reported fungal ␤-glucosidases which are members of the family 3 glycosyl hydrolases. Results of previous studies have also suggested that the 120-kDa ␤-glucosidase participates in wall modification during differentiation of the parasitic cells (spherules) of C. immitis. In this study we showed that expression of the BGL2 gene is elevated during isotropic growth of spherules and the peak of wall-associated BGL2 enzyme activity correlates with this same phase of parasitic cell differentiation. These data support our hypothesis that the 120-kDa ␤-glucosidase plays a morphogenetic role in the parasitic cycle of C. immitis.
Coccidioidomycosis is a fungal respiratory disease of humans caused by Coccidioides immitis. It is recognized as a reemerging problem in regions of endemicity of the Southwestern United States (16) . Diagnosis of early stages of C. immitis infection is aided by a serologic test which involves detection of patient immunoglobulin M (IgM) precipitin antibodies reactive with specific antigens of C. immitis in an immunodiffusion-tube precipitin (ID-TP) assay (28) . We have previously described the isolation of a 120-kDa glycoprotein which is recognized by precipitin antibodies present in sera of patients with coccidioidomycosis (5, 22) . The ability of this purified glycoprotein to bind patient IgM (TP) antibody was confirmed by both the classical TP reaction and an enzyme-linked immunosorbent assay (4, 22) . We have also shown that the 120-kDa TP antigen is a ␤-glucosidase, and the active enzyme is present in the culture medium and within the walls of young parasitic cells (presegmented spherules) (23) . We have demonstrated that the ␤-glucosidase can utilize isolated and boiled cell wall material of C. immitis spherules as a substrate. It was suggested that the wall-associated enzyme may cleave structural glucans of the spherule wall and thereby contribute to wall plasticity and isotropic growth of the parasitic cells (6, 23) . Such in situ enzyme activity was supported by our observations that the active enzyme can be extracted from the wall of viable, presegmented spherules and that exposure of cultured parasitic cells to 1-deoxynojirimycin, a specific inhibitor of glucosidases, blocks diametric growth of the pathogen in vitro (23) . Moreover, antibody raised against a conjugate of 1-deoxynojirimycin was used in an immunofluorescence study to show that the inhibitor was localized in the wall of the growth-arrested spherules.
Here we report the isolation of the BGL2 gene that encodes the 120-kDa ␤-glucosidase (TP) antigen, and present results of the analysis of BGL2 expression during the parasitic cycle of C. immitis.
MATERIALS AND METHODS
Fungal strain and growth conditions. C. immitis strain C735 used in this study was originally isolated from a patient with disseminated coccidioidomycosis who resided in Southern California. The isolate is maintained in the Medical College of Ohio fungal culture collection. The saprobic phase was grown for 5 days in GYE liquid medium (1% glucose, 0.5% yeast extract) at 30°C, while the parasitic phase was grown in Converse medium for different periods of incubation as previously described (17) .
Isolation and sequence analysis of the BGL2 genomic clone. The strategy employed to isolate the gene that encodes the 120-kDa TP antigen was based on identification of two conserved amino acid sequences of selected fungal ␤-glucosidases which had been deposited in the GenBank database. An amino acid sequence alignment of these proteins was performed using the MacDNASIS Sequence Analysis Software (version 3.5; Hitachi, San Bruno, Calif.) to identify the conserved domains. The conserved sequences were used to design degenerate sense and antisense primers for use in a PCR with template genomic DNA of C. immitis to amplify a fragment of the putative BGL gene. The nucleotide sequence of the sense primer deduced from the conserved, upstream peptide sequence (GRNWEGF) was 5Ј-GGWMGDAAYTGGGARGGNTT-3Ј (192-fold degeneracy) (where M is A or C; D is A, G, or T; N is A, C, G, or T; R is A or G; W is A or T; and Y is C or T). The nucleotide sequence of the antisense primer was designed on the basis of a conserved downstream peptide sequence (ELGFQGF) which had previously been identified as part of the signature motif that defines family 3 glycosyl hydrolases (18) (see Table 1 ). The nucleotide sequence of the antisense primer was 5Ј-GAAKCCYTGRAAKCCNARYTC-3Ј (256-fold degeneracy) (where K is G or T).
The PCR mixture (100 l) contained 10 mM Tris-HCl (pH 8.3) plus 50 mM KCl, 1.5 mM MgCl 2 , a 0.2 mM concentration of each deoxynucleoside triphosphate (dNTP), a 5 M concentration of each primer, 50 ng of C. immitis genomic DNA, and 2.5 U of Taq DNA polymerase (Promega, Madison, Wis.). Thirty-five cycles were conducted for amplification of the template genomic DNA. Initial denaturation was performed at 94°C for 3 min. Each subsequent cycle consisted of a melting step (94°C for 1 min), an annealing step (50°C for 1 min), and an extension step (72°C for 1 min). Three PCR products of different molecular size were observed by 3.0% agarose gel electrophoresis. The mixture of PCR amplicons was ligated into the pZErO 2.1 cloning vector (Invitrogen, Carlsbad, Calif.) by the TA cloning method (2) . The clones were subsequently screened by PCR using primers derived from nucleotide sequences in the multiple cloning site of the vector (2) . Selected clones were sequenced using the ThermoSequenase radiolabeled terminator cycle sequencing kit (Amersham, Cleveland, Ohio). A clone which contained a 423-bp insert was selected on the basis of homology of its translated sequence to the reported sequence of a secreted ␤-glucosidase of Histoplasma capsulatum (11, 13) . This same glycosyl hydrolase of H. capsulatum has been identified as a seroreactive antigen (H antigen) and is used in the diagnosis of histoplasmosis (11) . H. capsulatum has been shown to be a close relative of C. immitis (27) . The 423-bp PCR product was purified, labeled with [␣-32 P]dCTP (Ͼ3,000 Ci/mmol; ICN, Costa Mesa, Calif.) using a Multiprimer DNA labeling system (Amersham), and used to screen a genomic library of C. immitis C735 which has been reported (32) . Positive phages were selected and amplified, and DNA was extracted for restriction enzyme digestion and Southern hybridization using the 423-bp PCR product as previously described (33) . This resulted in detection of a 4.9-kb XbaI genomic fragment of the BGL2 gene that was subcloned into pZErO 2.1 and sequenced as described above. The MacDNASIS software package was used for sequence analysis.
RACE and sequence analysis of BGL2 cDNA. The rapid amplification of cDNA ends (RACE) procedure (17) was used to resolve the location of the nucleotide termination of the 5Ј untranslated region (UTR) as well as the poly(A) addition sites of the BGL2 gene. In brief, total RNA was first isolated from mycelia of C. immitis as described (17) . Reverse transcription (RT)-PCR was conducted as reported by Ausubel et al. (2) . High fidelity Taq polymerase (SuperMix High Fidelity DNA Taq polymerase; Gibco BRL, Grand Island, N.Y.) was used for the PCR. The two gene-specific primers used for 5Ј RACE were as follows: 5Ј-CCTTTTATCGTTTCAGCG-3Ј (BG 2.4 [nucleotides {nt} 2300 to 2317] [see Fig. 2B ]), and 5Ј-ACAAGCTTCTTGCATCCA-3Ј (BG 2.10 [nt 1927 to 1944]). For 3Ј RACE, one of the two primers used was the synthesized oligod(T) 17 -adapter construct described by Frohman (15) . The amplified RT-PCR product was obtained using the BGL2 gene-specific primer, 5Ј-TGGTGTCAG CATCCTCAA-3Ј (BG 2.15 [nt 3662 to 3679]) and the oligo(dT) construct. The PCR conditions were the same as those used for amplification of the genomic fragment described above. The RACE products were separated by 1.5% agarose gel electrophoresis, ligated into the pZErO 2.1 vector, and subjected to nucleotide sequence analysis as described above.
To amplify the remainder of the cDNA fragment of BGL2, two primers were synthesized on the basis of the sequences of the RACE products. The nucleotide sequences of the sense and antisense primers were 5Ј-GAAAGATCTGGCCTT CTCACCTCCATA (BG 2.16 [nt 1734 to 1751]) and 5Ј-ATGTCGACCCTACG AAGACGGGGCTAGAG (BG 2.18; nt 4485 to 4505), which contained engineered BglII and SalI restriction sites, respectively (nucleotides in boldface type). Thirty-five cycles were performed to amplify the RT-PCR product. The PCR conditions were the same as described above, except that the extension step was conducted at 72°C for 3 min. The 2.5-kb RT-PCR product was digested with BglII and SalI, separated by 1% agarose gel electrophoresis, isolated, and subcloned into the BamHI/SalI site of pET28b (Novagen, Madison, Wis.) to yield the pET28b-BGL2 plasmid construct (17) . The plasmid insert was sequenced as described above.
The NCBI-BLAST and PSI-BLAST programs were used to search for protein sequences in the GenBank and SWISS-PROT databases with similarity to the translated sequence of the C. immitis BGL2 gene (1). The PROSITE database was used to identify motifs and signature sequences in BGL2 with homology to reported proteins (20) , the PSORT database was used for for prediction of protein localization sites (24) , and the CLUSTALW program was used to perform sequence alignments (19) .
Southern hybridization. Intact chromosomal DNA of C. immitis was prepared by the agarose-spheroplast procedure (25) and subjected to contour-clamped homogeneous electric field (CHEF) gel electrophoresis under the conditions previously described (34) . The separated chromosomal DNA was transferred to a Zeta-probe GT Blotting Membrane (Bio-Rad, Hercules, Calif.) and hybridized with the radiolabeled, 423-bp PCR product which was described above. In addition, aliquots of equal amounts of total genomic DNA of C. immitis were separately digested with the restriction endonucleases XbaI, PstI, or KpnI and analyzed by Southern hybridization with the same 423-bp probe. Hybridization was conducted at low stringency as described by Yu et al. (33) .
Purification of the 120-kDa TP antigen for amino acid sequence analysis. The 120-kDa glycoprotein was isolated from the mycelial filtrate-lysate (F-L) preparation of C. immitis as described previously (4) . In brief, the F-L preparation was first subjected to concanavalin A (ConA) affinity chromatography. The ConA-bound fraction was eluted from the column and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions (22) . The Coomassie brilliant blue (Sigma)-stained 120-kDa band was excised, and the glycoprotein was electroeluted from the gel, dialyzed against water, and concentrated by drying under vacuum. The purified antigen was reconstituted in phosphate-buffered saline (pH 7.2) to a concentration of 0.1 mg of protein/ml and tested for patient TP antibody reactivity in the ID-TP assay as previously reported (4) .
Enzymatic digestion of the purified 120-kDa glycoprotein was conducted by use of the Protein Finger-printing System kit (Promega). The Lys-C digest was subjected to SDS-PAGE (10% polyacrylamide), and the separated fragments were electrotransferred to an Immobilon-P membrane (Millipore, Bedford, Mass.). Selected peptide bands visualized with Coomassie stain were excised and subjected to N-terminal sequence analysis in an Applied Biosystems model 477A gas phase sequencer by standard procedures (26) .
Expression of BGL2 by Escherichia coli. The 2.5-kb cDNA fragment of the BGL2 gene, which encodes a predicted 90.6-kDa protein (amino acids [aa] 23 to 858 [see Fig. 2B ]), was amplified by PCR and subcloned into the pET28b vector as described above. The pET28b-BGL2 plasmid construct encodes a recombinant protein that contained a polyhistidine (His) tag at its N terminus derived from the vector. The stop condon in the plasmid construct was derived from the BGL2 gene insert. The pET28b-BGL2 construct was used to transform E. coli strain BL21(DE3) as described (17) . Growth of the transformed cells, induction of expression, purification, and internal amino acid sequence analysis of the recombinant protein (rBGL2) were conducted as previously reported (17) . Cterminal amino acid sequence analysis of the purified rBGL2 was conducted to confirm that a C-terminally truncated fragment of the recombinant protein was expressed by E. coli. The rBGL2 was isolated by nickel-affinity chromatography as previously described (33) . C-terminal sequence analysis of the rBGL2 was determined with a Perkin-Elmer Applied Biosystems model 428 amino acid analyzer and conducted by the Macromolecular Structure Facility, Michigan State University, East Lansing, using a standard procedure (3) .
Production of antiserum against rBGL2. The chromatographically isolated rBGL2 was subjected to SDS-PAGE and electroeluted from the gel as previously described (26) , and the purified recombinant protein was used to immunize BALB/c mice (6 weeks old) for production of specific antiserum as reported (21) . The antiserum was used for examination of BGL2 protein production during in vitro growth of C. immitis by immunoblot analysis as described below. Preimmune mouse serum was used as a control.
RT-PCR evaluation of BGL2 gene expression during the parasitic cycle. Semiquantitative analysis of BGL2 mRNA levels in different morphogenetic stages of the parasitic cycle was conducted essentially as described by Guevara-Olvera et al. (17) . First-generation parasitic cells of C. immitis derived from arthroconidia were grown in Converse medium and harvested by centrifugation (1,500 ϫ g for 10 min) after 16, 24, 36, 72, 84, 96, 120, and 132 h of incubation on a gyratory shaker under conditions previously reported (17) . The first generation of parasitic cells isolated at these various times after inoculation with arthroconidia was fairly well synchronized in development (7). Mature, ruptured spherules which had released their endospores (i.e., 132 h postinoculation) were isolated, washed once with Converse medium, and used as the inoculum for second-generation cultures. The cells were grown in fresh Converse medium for 48 h and then harvested as described above. Cells harvested at each incubation time were separated into three aliquots; one was used for light-microscopic analysis of the degree of synchrony of cell development, one was used immediately for RNA extraction as described below, and the rest of the cells were quick-frozen in 1.5-ml microcentrifuge tubes and then stored at Ϫ70°C until processed for protein extraction. For light microscopy, the cell types isolated at each incubation time were scored to characterize their stage of development. At least 200 cells were examined in each aliquot. The cell types of the first generation were classified as follows: (i) swollen, cylindrical spherule initials that were Ͻ5 m in diameter; (ii) swollen, cylindrical spherule initials that were Ն5 but Ͻ10 m in diameter; (iii) spherules that were Ն10 m but Ͻ20 m in diameter; (iv) nonsegmented spherules that were Ͼ20 m in diameter; (v) segmented spherules; (vi) early endosporulating (Ͻ50%) spherules; (vii) early endosporulating (Ͼ50%) spherules; and (viii) mature, ruptured spherules (Ն90%) showing released endospores. The second-generation spherules were scored as nonsegmented parasitic cells that were 15 to 20 m in diameter. To evaluate stages of segmentation, wall formation, and early endospore differentiation which occur within intact spherules, aliquots of parasitic cells from 72-to 120-h cultures were chemically fixed and sectioned as previously described (30) . Thick sections (approximately 1 m) were stained with wheat germ agglutinin (WGA) conjugated with fluorescein isothiocyanate (FITC) (Sigma) and examined by fluorescence microscopy. The WGA-FITC conjugate stained the chitin in the spherule and endospore wall.
Total RNA was isolated from each of the cell types described above and used for RT-PCR analysis of levels of BGL2 expression. Total RNA was also isolated from C. immitis mycelia grown in liquid GYE culture medium for 120 h at 30°C. Since the 120-kDa ␤-glucosidase was originally purified from 5-day mycelial cultures (23), the total RNA isolated from the saprobic phase served as a positive control for the RT-PCR. Total RNA was extracted from 100 mg of fresh parasitic cells or mycelial pellet using the Plant RNeasy mini kit (Qiagen, Chatsworth, Calif.) as previously described (17) . The crude extract was digested with RQ1 RNase-free DNase (Promega), and the RNA was purified using the RNA clean-up protocol (Plant RNeasy mini kit; Qiagen). The purity and quantity of RNA were monitored by UV absorbance. A ratio of optical density at 260 nm to that at 280 nm that was Ͼ1.9 was obtained for each preparation.
Gene expression was examined by comparison of the level of mRNA which encodes BGL2 to that which encodes the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene of C. immitis (GenBank accession no. AF288134). The latter is expressed constitutively in C. immitis (J. 17 -adapter primer, 5 g of C. immitis total RNA, and 400 U of SuperScript II RNase H Ϫ reverse transcriptase (Gibco BRL). The reaction mixture was incubated at 42°C for 50 min and then shifted to 70°C for 10 min to denature the reverse transcriptase. The PCR mixture contained 1 l of the cDNA, which was separated as aliquots diluted in Milli-Q (Millipore) water (1:1, 1:2, 1:4, 1:8, 1:16, 1:32, or 1:50). Each aliquot was mixed with 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM Mg Cl 2 , a 0.2 mM concentration of each dNTP, a 5 M concentration of each primer, and 1 U of Taq DNA polymerase (Sigma) in a total volume of 25 l. PCR primer pairs synthesized for C. immitis BGL2 and GAPDH were each designed to span at least one intron. Inclusion of the intron allowed us to distinguish cDNA from genomic DNA amplicons based upon their different sizes after separation by agarose gel electrophoresis. In order to further rule out contamination of the RNA preparations with genomic DNA, controls included samples of the C. immitis RNA preparation that had not been reverse transcribed but were subjected to PCR and examined by agarose gel electrophoresis as described above. For GAPDH, the sequences of the PCR primers were the same as reported by Guevara-Olvera et al. (17) . For BGL2, the primer sequences were as follows: sense, 5Ј-GAAACGATAAAAGGAATCCA GGATGCT-3Ј (BG2.7 [nt 2304 to 2330]), and antisense, 5Ј-GCTGTTGTTGA TTTGGTTATATGAACA-3Ј (BG2.8 [nt 2577 to 2603]). The primers yielded single RT-PCR products for GAPDH and BGL2 which were 246 and 243 bp, respectively. The PCR conditions were the same as described above, except that the annealing temperatures were 56°C for GAPDH and 60°C for BGL2. Thirtyfive cycles were used to amplify the BGL2 and GAPDH genes. The PCR products were subjected to agarose gel electrophoresis (2.0%) and the amplified cDNA bands were visualized by staining with ethidium bromide (EtBr). The intensity of the EtBr stain for each band was determined by UV transillumination and densitometric analysis using the Bio-Rad Gel Documentation 1000 system and Multi-Analyst software program (Bio-Rad). The intensities of the bands, which represent amount of BGL2 and GAPDH amplicons for each dilution of cDNA template, were recorded. The relative amounts of BGL2 and GAPDH cDNA determined for each stage of parasitic cell development were calculated as the dilution factor that yielded the same band intensity as that of the mycelial BGL2 amplicon at a 1:50 dilution.
Evaluation of 120-kDa glycoprotein production by immunoblot analysis. Detection of the 120-kDa glycoprotein in total homogenates of the 5-day mycelial mat and homogenates of cells from the same stages of parasitic cell development as described above were conducted by SDS-PAGE followed by immunoblot analysis using the murine antiserum raised against the rBGL2. Aliquots of each fungal cell isolate were mechanically disrupted with glass beads (50-m diameter) in a Mini-Beadbeater (Biospec, Bartlesville, Okla.). Total protein of each cell preparation was extracted with 50 mM sodium acetate (NaAc) buffer (pH 5.5) containing octyl-␤-D-glucopyranoside (1% [vol/vol]; Calbiochem, La Jolla, Calif.), 100 mM NaCl, 6 mM CaCl 2 , 1 mM phenylmethylsulfonyl fluoride, L-1-chloro-3-[4-tosylamido]-4-phenyl-2-butanone (50 g/ml), leupeptin (1 g/ml), and pepstatin (1 g/ml); (Sigma). The protein concentration of each sample was determined using the Detergent Compatible Protein Assay kit (Bio-Rad), and Table 2 ). adjusted so that equal amounts of protein were applied to each lane of the SDS-PAGE gel. The protein preparations (approximately 80 g each) were separated by SDS-PAGE (10% polyacrylamide), and the reducing gels were stained with Coomassie brilliant blue. The immunoblot procedure was conducted as previously described (26) , except that secondary antibody conjugated with horseradish peroxidase and a chemiluminescent substrate were used (ECL Western blot analysis system; Amersham, Arlington Heights, Ill.).
Evaluation of ␤-glucosidase activity. The same set of equilibrated protein extracts as described above were also used to detect ␤-glycosyl-hydrolase activity by substrate gel electrophoresis (8) . Approximately 40 g of total protein of each cell homogenate were mixed with 6ϫ sample buffer (0.35 M Tris-HCl [pH 6.8], 1% SDS, 10% glycerol, 0.002% bromophenol blue, and 0.6 M dithiothreitol), incubated at 37°C for 5 min, and separated by SDS-PAGE (10% polyacrylamide). The gel was washed three times with 50 mM NaAc buffer (pH 5.5) containing 0.1% Triton X-100 (37°C; 10 min each wash) to remove SDS and then incubated with 10 ml of a solution of 4-methyl-umbelliferyl-␤-D-glucoside (Sigma) in the same NaAc buffer (0.1 mg/ml) for 30 min at 37°C. Fluorescent bands indicative of ␤-glucosidase activity were viewed under UV light, and their intensities were determined by image analysis as described above.
Nucleotide sequence accession number. The GenBank accession number for the C. immitis BGL2 gene is AF022893, and that for the BGL2 protein is AAF21242.
RESULTS
Selection of putative BGL2 amplicon. Four fungal ␤-glucosidase sequences obtained from the GenBank database were aligned, and two conserved regions were identified (Fig. 1A) . The ␤-glucosidase sequences were selected on the basis that the native proteins were reported to have molecular sizes in the range of 80 to 144 kDa. Degenerate oligonucleotide primers designed on the basis of these sequences were used for PCR amplification with genomic template DNA. Three EtBrstained amplicons visible in the agarose gel (Fig. 1B) were isolated, purified, cloned, and subjected to nucleotide sequence analysis. The sizes of the PCR products (amplicons a, b, and c), as determined by sequence analysis, were 423, 409, and 351 bp, respectively. Each amplicon was translated to yield the open reading frames shown in Fig. 1C . The translated PCR primer sequences are shown at the N and C termini. Alignment of the sequences, excluding the translated primer regions, was con- 1996) and deposited in the GenBank database (accession no. AAB67972). BGL1 was not examined further in this study. The sequences of amplicons a and c were aligned with the sequence of a previously reported 144-kDa serodiagnostic antigen (H antigen) of H. capsulatum which was suggested to function as a ␤-glucosidase (11, 13). The homologies of sequences a and c to this putative ␤-glucosidase were 92 and 69%, respectively. Earlier studies in our laboratory have suggested a close phylogenetic relationship between C. immitis and H. capsulatum (27) . For example, 72% amino acid sequence identity was revealed between the heat shock proteins (HSP60) of these two pathogens (31) . On the basis of the above structural and functional homology data, we tentatively identified sequence a as a fragment of the gene which encodes the 120-kDa ␤-glucosidase of C. immitis, and we refer to this gene as BGL2. This 423-bp PCR product was used as a probe to screen the genomic library. The sequence of amplicon c was designated as a fragment of the BGL3 gene, which is further examined in temporal expression studies in this work. Isolation and structure of the BGL2 gene. The random hexamer primer-labeled 423-bp PCR product was used to screen a C. immitis genomic library constructed in FIXII (32). A clone which hybridized with the probe was isolated, digested with XbaI to yield a 4.9-kb fragment, subcloned into pZErO 2.1, and subjected to DNA sequence analysis. The restriction map of the 4.9-kb fragment of the phage insert is shown in Fig. 2A . The deduced open reading frame of the cDNA sequence, which was obtained by 5Ј-3Ј RACE as described above, matched the genomic sequence and confirmed that the gene contained five introns (Fig. 2B) . A putative CAAT box was located 224 bp upstream of the 5Ј end of the UTR (nt 1359). The latter was identified by 5Ј RACE. No discernible TATA box was found. Two putative poly(A) tail addition sites were identified at nt 4712 and nt 4850.
The translated BGL2 gene contains 858 aa and, in the absence of any posttranslational modification, has a predicted molecular mass of 92.8 kDa and a pI of 5.0. Sequence analysis performed by PSORT (24) showed that 18 aa at the N terminus have the characteristic of a signal peptide with a putative cleavage site between A 18 and E 19 . The predicted molecular size of the mature BGL2 protein is 90.9 kDa. The translated protein showed 12 potential N glycosylation sites, multiple S/Trich regions which could function as O glycosylation sites, a glycosyl-hydrolase family 3 signature motif at aa 266 to 283 (18) , and a predicted active-site residue at D 280 (10) . The 18-aa sequence of the signature motif of BGL2 is very similar to that reported for all other fungal family 3 glycosyl hydrolases currently deposited in the GenBank database, with the exception of Kluyveromyces marxianus ( Table 1 ). The predicted fulllength sequence of the C. immitis BGL2 protein was compared to reported amino acid sequences of fungal family 3 glycosyl hydrolases in the database. The highest identity (74.3%) was shown between BGL2 and the H antigen of H. capsulatum (Table 2) .
Southern hybridization. Southern hybridization of chromosomal DNA separated by CHEF gel electrophoresis was conducted using the same random hexamer primer-labeled 423-bp PCR amplicon as described above. The Southern blot showed that the BGL2 gene is located on chromosome II (Fig. 3A) . Total genomic DNA preparations of C. immitis were separately digested with XbaI, PstI, and KpnI; subjected to agarose gel electrophoresis; and hybridized with the same labeled 423-bp probe (Fig. 3B) . The sizes of the three single bands were predicted by the restriction map of the 4.9-kb BGL2 sequence ( Fig. 2A) . The Southern hybridization data indicate that BGL2 is a single-copy gene.
Purification and amino acid sequence analysis of 120-kDa TP antigen. The dialyzed F-L preparation of the mycelial phase of C. immitis was bound to ConA, eluted, and separated by SDS-PAGE, and the 120-kDa glycoprotein was isolated from the gel by electroelution (Fig. 4A) . Antigenic activity of the isolated glycoprotein was confirmed by the ID-TP assay a The amino acid sequences of the ␤-glucosidases of the indicated fungi were obtained from GenBank. The protein accession numbers are listed in Table 1 .
b Based on CLUSTALW alignment of amino acid sequences, taking into account conserved substitutions of residues (19) . (Fig. 4B) . The purified TP antigen was subjected to Lys-C digestion, and two of the proteolytic fragments with molecular sizes of 55 and 60 kDa (Fig. 4C) were subjected to N-terminal amino acid sequence analysis. The sequence of the 60-kDa fragment (LTAVIGEDAGPNL) matched aa 416 to 428 of the translated BGL2 sequence (Fig. 2B) , while the sequence of the 50-kDa fragment (EWAFSPPYY) was identical to aa 21 to 29.
Expression of rBGL2 and antibody production. To express the BGL2 gene, the PCR-generated cDNA was subcloned into pET28b to yield the pET28b-BGL2 construct. The predicted molecular size of the recombinant protein was 94 kDa (including the vector-encoded peptide which contained the His tag at the N terminus). SDS-PAGE was used to analyze cell lysates obtained from E. coli strain BL21(DE3) which had been transformed with the plasmid construct and induced with IPTG (isopropyl-␤-D-thiogalactopyranoside). An unpredicted 66-kDa band was detected in the lysate of IPTG-induced bacteria (Fig. 5A) . The cDNA insert of the pET28b-BGL2 construct was sequenced and confirmed to contain an open reading frame that was identical to the sequence in Fig. 2B . The 66-kDa protein was isolated by nickel-affinity chromatography, separated by SDS-PAGE, and purified by electroelution (Fig. 5A) . The protein was digested with Lys-C, separated by high-pressure liquid chromatography (17) , and subjected to N-terminal amino acid sequence analysis, which yielded the following: WYDHPNVTAILWAG LPGQE. The sequence was identical to the predicted amino acid sequence of the BGL2 gene (aa 559 to 577) (Fig. 2B) . C-terminal sequence analysis of the rBGL2, isolated by Ni-affinity chromatography, revealed that the last three residues were WAA. This sequence matches aa 600 to 602 of the translated sequence of the BGL2 gene (Fig. 2B) . The predicted molecular size of rBGL2, taking this C terminus into account, is 66.1 kDa. This predicted size is the same as the SDS-PAGE estimate of the molecular size of the recombinant protein. It appears that the transformed bacteria produced a C-terminally truncated form of the rBGL2.
The purified rBGL2 was used to immunize mice for production of polyclonal antibody. The antiserum recognized the 66-kDa recombinant protein in the bacterial lysate (Fig. 5A) as well as the native 120-kDa glycoprotein in the crude, detergent-extracted mycelial homogenate (Fig. 5B) . The 120-kDa glycoprotein was isolated from the mycelial homogenate as reported (23) and confirmed to have ␤-glucosidase activity (data not shown). This same antiserum was subsequently used in the immunoblot assay of BGL2 in cell homogenates of C. immitis obtained from different stages of the parasitic cycle.
Isolation of C. immitis cell types for studies of BGL2 expression, BGL2 production, and enzyme activity. Figure 6A to N show light micrographs of the mycelia (Fig. 6A, 5-day culture) , parasitic cell types isolated from first-generation cultures grown for 16 to 132 h (Fig. 6B to M) , and a second-generation culture grown for 48 h (Fig. 6N) . Inserts (Fig. 6F, H , J, and L) show thick sections of representative spherules isolated from 72-, 84-, 96-, and 120-h cultures which were stained with the WGA-FITC chitin-specific, lectin conjugate. The sectioned cells show stages of development of the segmentation wall complex (Fig. 6F and H) and early stages of endospore differentiation ( Fig. 6J and L) within the intact spherules. The isotropic growth phase of the first-generation parasitic cells prior to segmentation is represented by Fig. 6B to E. Early differentiation of endospore initials (Fig. 6I and J) is signaled by isotropic growth of cells contained within the maternal spherule. Some swelling of the latter occurs at this stage as growth of the endospores occurs. Continued isotropic growth of the endospores (Fig. 6K and L) leads to rupture of the first generation spherules (Fig. 6M) and maturation of second-generation parasitic cells (Fig. 6N) . The homogenate of each of RT-PCR analysis of BGL2 expression during the parasitic cycle. A diagrammatic representation of first-and early second-generation parasitic cell development is shown in Fig. 7A . Each developmental stage is designated by the culture time (i.e., hours postinoculation), which was used to identify the cell homogenates examined in Fig. 7B to D and Fig. 8 . The EtBrstained bands in Fig. 7B represent PCR products of BGL2 cDNA amplification using diluted template cDNA (1:1 to 1:32). The cDNA templates were derived from RT of separate RNA preparations obtained from selected developmental stages of the parasitic cycle. The intensity of each gel band examined by densitometric analysis was compared to that of the mycelial BGL2 amplicon. The latter was generated by PCR amplification of mycelial cDNA template that was diluted by a factor of 1:50. The relative amounts of BGL2 and GAPDH cDNA at selected developmental stages of the parasitic cycle are shown in two separate analyses of gene expression (i.e., experiments 1 and 2 in Fig. 7C and D) . The relative amounts of cDNA were calculated as described in Materials and Methods. As indicated, expression of the GAPDH gene was constitutive during the parasitic cycle. In contrast, expression of the BGL2 gene in first-generation cultures was elevated during the isotropic growth phase of spherules (16 to 36 h postinoculation) but decreased sharply once this diametric expansion was arrested and the cells began to undergo segmentation (72 h postinoculation in the first generation). As endospore differentiation was initiated (ϳ96 h postinoculation) and the cells began a second phase of isotropic growth, the expression level of BGL2 rose again. At 48 h after transfer of the released endospores to fresh culture medium, a sharp decrease in expression of BGL2 correlated with the near completion of isotropic growth of the second-generation spherules.
BGL2 protein production. The relative intensity of the Coomassie blue-stained protein bands of cell homogenates shown in Fig. 8 indicates that equal amounts of protein were applied to the respective lanes of the two SDS-PAGE gels. Detection of the BGL2 glycoprotein in each lane was accomplished by immunoblot analysis using the murine, polyclonal anti-rBGL2 antiserum. The results of this assay support the interpretation of the RT-PCR data. The 120-kDa glycoprotein was detected in cell homogenates during the isotropic growth phases of both the first-generation spherules (16, 24 , and 36 h) and secondgeneration endospores (96, 120, and 132 h), but was not detectable once the parasitic cells ceased diametric growth and began to undergo segmentation. Detection of the 120-kDa glycoprotein in the immunoblot of the mycelial homogenate served as a positive control.
␤-Glucosidase activity. The results of substrate gel electrophoretic analysis of the same cell homogenates as described above are shown in Fig. 8 . The parasitic cell homogenate preparations were first separated by SDS-PAGE under reducing conditions, and the gels were then washed to renature the proteins and remove the SDS. After incubation of the gel with 4-methyl-umbelliferyl-␤-D-glucoside substrate, fluorescent bands were visible which corresponded to the 120-kDa ␤-glucosidase activity. The results suggest that enzyme activity remains high during the isotropic growth phase of both the firstgeneration spherules (16, 24 , and 36 h) and endospores (96, 120, and 132 h) but decreases sharply once diametric growth is arrested (72 h). Results of the RT-PCR semiquantitative analysis of BGL2 expression at 72 and 84 h in the first generation showed the absence and then slight increase in BGL2 mRNA, respectively (Fig. 7B to D) . The immunoblot assay demonstrated the presence of minute amounts of BGL2 protein at these same developmental stages. However, substrate gel analysis of BGL2 enzyme activity appears to be more sensitive than the immunoblot technique. We suggest that the absence of BGL2 mRNA at 72 h but detection of a low level of BGL2 enzyme activity at this same developmental stage (Fig. 8) is due to presence of a small amount of residual enzyme from the earlier developmental stage. On the other hand, the slightly elevated BGL2 enzyme activity at 84 h revealed by the substrate gel correlates with the slight increase in BGL2 mRNA at this same developmental stage (Fig. 7B to D) . Similarly, the low level of BGL2 enzyme activity suggested by the fluorescent band, which represents the second-generation spherules at 48 h, correlates with the slightly elevated level of BGL2 mRNA (Fig. 7B to D) and BGL2 protein detected by immunoblot analysis of this same developmental stage (Fig. 8) .
The second-generation cells in Fig. 6N (corresponds to lanes labeled 48 h in Fig. 7 and 8) had not initiated segmentation and, therefore, had not completed their isotropic growth phase. The substrate gel revealed two additional fluorescent bands with estimated molecular sizes of 45 and 50 kDa. In contrast to the 120-kDa ␤-glucosidase, the highest activity of these enzymes apparently correlated with phases of spherule segmentation (72 and 84 h) and early endosporulation (96 h) in the first generation of the parasitic cycle. To test whether the BGL3 gene fragment (Fig. 1C) possibly encodes either the 45-or 50-kDa glycosyl hydrolase, RT-PCR analysis of BGL3 expression was conducted using gene-specific primers. The results indicated that BGL3 is constitutively expressed during the parasitic cycle (data not shown). The anti-rBGL2 mouse serum, which was raised against approximately two-thirds of the mature BGL2 protein, including the putative active site, did not recognize the 45-or 50-kDa bands in the immunoblot. These data suggest that the 45-and 50-kDa proteins were not degradation products of BGL2 and may represent novel glycosyl hydrolases of C. immitis.
DISCUSSION
The secreted 120-kDa glycoprotein of C. immitis has been shown to be both a serodiagnostic antigen and a ␤-glucandegrading enzyme (23) . In this study, we have cloned and characterized the gene which encodes this TP antigen and 
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wall-associated ␤-glucosidase. On the basis of analysis of the translated BGL2 gene sequence, the predicted molecular size of the mature protein is 90.9 kDa. It is argued, therefore, that the native 120-kDa glycoprotein is highly glycosylated and the carbohydrate moiety contributes approximately 25% of its molecular weight. In fact, the translated amino acid sequence of the BGL2 gene reveals several potential sites for both N and O glycosylation. The recombinant BGL2 protein expressed by E. coli was not recognized by the reference patient antibody which had been used to detect the purified, native TP antigen in the ID-TP assay. This result is consistent with our earlier finding that 3-O-methyl-D-mannose residues added to BGL2 by posttranslational modification are largely responsible for the reactivity of IgM precipitin antibodies with this TP antigen (5). Our earlier studies had also confirmed that the purified 120-kDa glycoprotein is a ␤-glucosidase (23) . Of the 70 recognized families of glycosyl hydrolases (http://afmb.cnrs-mrs.fr /ϳpedro/CAZY/ghf_3.html) (9), the translated BGL2 sequence is closely related to family 3, which currently accommodates both prokayotic and eukaryotic enzymes with a broad range of substrate specifities (e.g., EC 3.2.1.21, -.37, -.52, -.55, -.57, -.58, and -.74). This family is characterized by an aspartate residue at the active site (10) and a specific peptide signature motif (9) . Our sequence analysis showed that the location of the conserved 18-aa signature motif within the BGL2 sequence is very similar to that of all other reported fungal family 3 glycosyl hydrolases except for K. marxianus. However, the latter does contain the putative aspartate active site and four additional conserved residues within the signature motif of other members of this family. The EtBr-stained gels show BGL2 amplicons produced by RT-PCR as described in Materials and Methods. The dilution factors for the parasitic and mycelium phase-derived template cDNAs are indicated. The intensity of the gel bands was determined by densitometric analysis. (C and D) The relative amounts of BGL2 and GAPDH cDNAs are plotted as the dilution factor of the template cDNA that yielded the same EtBr-stained gel band intensity as that of the mycelial BGL2 amplicon using a cDNA template dilution of 1:50. The data presented in Experiment 1 (C) were derived from densitometric analysis of the gels shown in panel B.
The translated sequence of the C. immitis BGL2 gene showed 74% identity and 85% similarity to that of the serodiagnostic H antigen of H. capsulatum (11) . Based on amino acid sequence homology of the H antigen to reported extracellular ␤-glucosidases of other fungi (11) , and results of functional analysis of the recombinant protein (13) , it has been reported that the H. capsulatum antigen is a secreted glycosyl hydrolase. We have shown that the 120-kDa ␤-glucosidase of C. immitis is both associated with the cell wall of presegmented spherules and secreted into the culture medium (4, 23) . However, an important additional observation is that the concentration of the C. immitis macromolecule in the culture filtrate fluctuates during the parasitic cycle. The peaks of concentration of the secreted 120-kDa ␤-glucosidase in the medium corresponded to stages of endospore release, and the lowest concentrations corresponded to phases of isotropic growth (23) . We previously showed that the active enzyme could be extracted from viable, intact, presegmented spherules by incubation of the cells with 1% octyl-␤-D-thioglucoside (23) . After isolation of the active ␤-glucosidase by this method the spherules remained viable, suggesting that the enzyme was derived from the spherule wall. Furthermore, exposure of spherule initials (Fig. 6C) to an inhibitor of the 120-kDa ␤-glucosidase resulted in the arrest of isotropic growth of the parasitic cells. These data suggested that the active enzyme is associated with the spherule wall during its isotropic growth phase and may perform a morphogenetic role during the parasitic cycle.
Our ability to further evaluate the function of the 120-kDa ␤-glucosidase was enhanced by the isolation of the BGL2 gene and our success in achieving near synchrony of parasitic cell development in liquid culture. The parasitic cycle can be separated into three fairly distinct morphogenetic phases: isotropic growth, segmentation, and endosporulation (17) . An important developmental feature relevant to this study is that initiation of isotropic growth of endospores (i.e., cells which differentiate into new generations of spherules) occurs while the cells are still within the maternal spherule. The results of analyses of temporal expression of the BGL2 gene, production of the BGL2 protein, and activity of the BGL2 enzyme suggest that the peaks of 120-kDa ␤-glucosidase activity in detergent extracts of spherule homogenates correlate with the isotropic growth phases of first-and second-generation parasitic cells. 
The first morphological change that is observed after arthroconidia are incubated in Converse medium is cell swelling and most likely involves water uptake and concomitant increase in internal cell pressure, new wall biosynthesis, and wall loosening (12) . The last of these events may be at least partly accomplished by BGL2. The 120-kDa ␤-glucosidase is capable of digesting boiled, ␤-mercaptoethanol-treated and washed, presegmented spherule wall material (23) . Quantitative and qualitative analysis of the C. immitis ␤-glucosidase activity in the presence of laminarin (K m , 1.03 mM) indicated that the enzyme can utilize ␤-1,3-linked polyglucans as a substrate to release monomeric and polymeric fragments (23) . The 120-kDa ␤-glucosidase is also capable of efficient digestion of the synthetic p-nitrophenol-␤-D-glucopyranoside substrate, which is characteristic of ␤-1,3-exoglucosidases (14) rather than endoglucosidases as previously suggested (23) . Fungal wall-associated exo-and endo-␤-glucosidases have been proposed to play a role in morphogenesis (14) . However, apparently not all such glycosyl hydrolases participate in cell wall modification. The ability of the C. immitis ␤-glucosidase to digest its own wall contrasts with activity of the exoG-II wall-associated hydrolase of Aspergillus fumigatus, which showed very limited activity in the presence of cell wall ␤-1,3-glucans (14) . Although definitive proof of function of the C. immitis BGL2 is not yet available, the recent development of a transformation system for C. immitis (29) now permits us to evaluate the phenotype of a BGL2 knockout strain. Nevertheless, we have provided evidence for a morphogenetic role of BGL2 in isotropic growth of parasitic cells based on results of immunolocalization, biochemical analyses, in vitro inhibition studies, and temporal evaluations of gene, glycoprotein, and enzyme expression in near-synchronized parasitic-phase cultures of C. immitis.
